Amorphous In-Ga-Zn-O thin-film transistors (a-IGZO TFTs) have attracted considerable attention as an alternative device for conventional amorphous silicon (a-Si) TFTs. The features of this material are a low fabrication temperature less than 200
• C, and preferable electronic properties such as higher field-effect mobility and lower threshold voltage (V th ) compared with those of a-Si TFTs. Such desirable performances also enable us to design peripheral circuits for displays. Furthermore, a-IGZO TFTs are regarded as a prospective material for "transparent electronics", because of their wide bandgap of ∼3.2 eV. [1] [2] [3] [4] On the other hand, several papers have reported that a-IGZO TFTs showed poor stability against electrical stresses.
5-7 Since reliability is an issue for the realization of next-generation displays utilizing oxide semiconductors in transparent electronics, a deeper understanding of a-IGZO and its problems are necessary.
The influence of hydrogen concentration in silicon nitride (SiN x ) gate insulators (GIs) on the electrical stability of a-IGZO TFTs has been actively discussed. [8] [9] [10] Lee et al. reported that the hydrogen in SiN x film strongly induced threshold voltage shift ( V th ) due to the generation of shallow charge-trapping sites for electrons. 11 Their results lead us to expect that lower hydrogen content in the gate insulator will provide quite stable TFTs.
In this study, we propose a fluorinated SiN x film utilizing SiF 4 and N 2 as source gasses unlike conventional film fabricated with SiH 4 /NH 3 and investigated the electrical properties of a-IGZO TFT by applying positive biased stress (PBS). In order to discuss effect on reliability of hydrogen and fluorine in the GIs, we prepared several kinds of SiN x films with controlling the concentration of hydrogen and fluorine. Thermally-oxidized SiO 2 gate insulator was also evaluated for comparison.
Experimental
We fabricated bottom-gate and top-contact type TFTs as shown in Fig. 1a . The GIs with a film thickness of 100 nm were deposited on a low-resistivity crystal Si (c-Si) substrate, (n-type, resistivity (ρ) < 0.005 cm) which acts as a gate-electrode.
To avoid hydrogen incorporation in the GIs during the deposition, especially from the source gases, we utilized SiF 4 and N 2 . Decomposition of nitrogen gas necessitates a high plasma density, so we employed an inductively-coupled plasma enhanced chemical vapor deposition (ICP-CVD) method for the formation of SiN x . Although deposition temperature of conventional SiN x is higher than 350
• C, this system enabled us to fabricate film at a lower temperature of 150
• C, therefore the film could be deposited on the plastic substrate z E-mail: yishikawa@ms.naist.jp with heat-resistant temperate lower than 200
• C. The deposited film had an enough breakdown voltage as GI (>10 MV/cm). Moreover, with our deposition system, we are able to introduce hydrogen gas during the deposition, producing the fluorinated SiN x GI layer with different hydrogen content.
In this study, we prepared four kinds of GIs for a-IGZO TFTs as shown in Table I • C as GIs. Since a-IGZO TFT with SiN:H deposited at lower than 400
• C did not show any switching behavior, we deposited SiN:H at 400
• C. After GI formation, a 70-nm-thick a-IGZO channel layer was deposited using RF magnetron sputtering at room temperature. The deposition pressure was 0.6 Pa, and gas flow rate of Ar and O 2 were 19.1 sccm and 0.9 sccm, respectively. The input RF power density was 4.9 W/cm 2 . After channel patterning, source and drain electrodes were formed using 80-nm-thick molybdenum and 20-nm-thick platinum deposited by RF magnetron sputtering, and a lift-off process. All samples had no passivation layer and no etch stopper layer as shown in Fig. 1a . Finally, post annealing treatment for all TFTs was carried out at 300
• C for 2 h in dry air atmosphere. To focus on the effect of GIs, TFTs did not have any passivation layer, so we don't discuss about stability after applying negative bias stress which is strongly affected by the environment atmosphere for no-passivated channel. 12 The TFTs with a channel length (L) of 10 μm and width (W) of 90 μm were used to evaluate the stability of electrical properties. As a PBS, gate voltage of 20 V with the ground for source and drain electrodes was applied for up to 10000 sec. We evaluated the stress time dependence on the change of electrical properties in each TFT. All measurements and electrical stress tests were carried out with the semiconductor parameter analyzer (Agilent, 4156C) under room temperature, dark state, and air atmosphere. The hydrogen profiles in SiN x layers deposited on c-Si substrate were measured by a quadrupolesecondary ion mass spectrometry (SIMS) method (ULVAC-PHI, ADEPT-1010). The molecular composition of the SiN:F film was characterized by a Fourier-transform infrared (FT-IR) spectrophotometer (Varian, 640-IR). The fluorine bonding state at the interface of a-IGZO and SiN:F was investigated using display-type spherical mirror Analyzer (DIANA) set at the beam line BL25SU in SPring-8. The performed kinetic energy (E k ) and light energy (hν) were 230-190 eV and 900 eV, respectively. Beam line BL25SU features high energy resolution, 13 and allows us to detect an information from the interface more sensitive than general X-ray photoelectron spectroscopy (XPS). To get a bonding state information from the interface of a-IGZO/SiN:F, slope shape a-IGZO layer was prepared by etching process using HCl (0.02 mol/l), as shown in Fig. 1b . Measurements were performed at the position of (1) and (2), shown in Fig. 1b . The detail explanation for the measured position appears later. Fig. 2 ) at around 400
Results and Discussion
• C as the substrate temperature.
14 Therefore, we presumed that our SiN:H film contained hydrogen more than 4 × 10 21 atoms/cm 3 , because our SiN:H film was fabricated using NH 3 instead of N 2 . Note that the amount of hydrogen in SiN:F was successfully reduced to 1/10 of conventional SiN:H by changing the source gas. Moreover the amount of hydrogen in SiN:F+H was 6.8 × 10 20 atoms/cm 3 which was two times higher than that in SiN:F, representing that our fabrication process of SiN:F is possible to control the amount of hydrogen by adding the hydrogen gas to the source gases. Figure 3 shows the change in transfer curves of four kinds of a-IGZO TFTs obtained after PBS imposition. The black, blue, and red lines show the initial state, characteristic after 1000 sec PBS, and that after 10000 sec PBS, respectively. The V th after applying 10000 sec of PBS in TFTs with (a) SiN:H was estimated to 2. decreasing of hydrogen concentration, which decreases trap density in the GI or interface, as previously reported. 11 Similarly, the same cause can be attributed to the improvement in the V th of TFT with SiN:F compared with that of SiN:F+H.
Note that the V th less than 0.1 V was achieved for the TFT with (d) SiN:F+F. In the case of a-IGZO TFT with a passivation layer and SiO 2 gate insulator, the V th were 0.6 V-0.8 V after PBS. 15 We found that the TFTs with fluorinated SiN x achieved highly reliable TFTs even without passivation layer. It is also suggested that fluorine plays an important role to improve the reliability.
The V th of these four kinds of TFTs against stress time were fitted well by stretched-exponential equation. This means that the origin of V th is electron trapping in the GI or interface state. 9, 16, 17 Further analysis, such as measurement of temperature dependence, will be effective. Initial subthreshold swing value (SS) of all TFTs were around 0.2 V/dec., and they changed after PBS imposition. This change should be ignored in this study, because the SS was affected by the humidity, 18 especially in TFTs without passivation layer. 20 suggesting large shift observed for Si-H stretching mode is reasonable results. Next, peak deconvolution was performed by Gaussian fitting for the signal in the range from 650 to 2000 cm −1 . Obtained peaks were attributed to following three bonds; Si-O bending, Si-O stretching, Si-N stretching, and Si-F stretching bonds corresponding to the signal at 810 cm −1 , 1080 cm −1 , 875 cm −1 , and 945 cm −1 , respectively. 21, 22 These fittings revealed that SiN:F film mainly consisted of Si-F bonds as well as Si-N bonds. Previous studies have reported that the Si-N bonds were replaced by the Si-F bonds and electron traps in GI decreased upon introduction of fluorine into SiN film. 23, 24 In the same manner, the defect density possibly decreased by introduction of fluorine in our SiN:F film. Consequently, electron trapping in the film decreased, contributing to lower V th in PBS.
Addressing the bonding state of fluorine at the interface, the sample structure shown in Fig. 1b was examined. Symbols (1) and (2) denote the detected position in the measurement by DIANA. The position (2) is 0.9 mm away from position (1) in our sample. Here we defined that the detection of Indium (In) 3p and F 1s peak means the information from a-IGZO and the SiN:F, respectively. The position (1) has no a-IGZO layer and only information of the SiN:F state. On the other hand, the position (2) has both information of a-IGZO and SiN:F. The next detected position at which the a-IGZO layer is thicker than that at the position (2) has no signal of F 1s, and signals are obtained from a few nm of the surface in depth direction, indicating that the signal of F 1s at the position (2) showed the bonding state at the interface between a-IGZO and SiN:F. Figure 5 shows the XPS spectra measured by DIANA. The horizontal axis shows binding energy (BE), and vertical axis is the peak intensity. Electron state at the interface (position (2)) and bulk in SiN:F (position (1)) are described with blue and black lines, respectively. As the blue line shows (signal from the position of Fig. 1b-(2) ), the In 3p peak was observed at BE = 669.4 eV, however, that peak was not observed in the black line (signal from the position of Fig. 1b-(1) ).
Next, we discuss the fluorine peak observed at around BE = 687 eV. The peak top of F 1s was 687.3 eV at the position of Fig. 1b-(1) which corresponds to SiN:F bulk. We consider this peak is derived from Si-F bonds. 25 The FT-IR analysis shown in Fig. 4 supported that the Si-F bond existed in the SiN:F bulk. At the interface (Fig. 1b-(2) ), the peak was observed at 686.4 eV, which was 0.9 eV lower than that in the bulk. This indicates that fluorine at the interface is in an electron rich state compared with that in the SiN:F bulk.
In addition, Gaussian peak fitting was performed on the basis of SiN:F bulk as shown in the inset of Fig. 5 . The red dashed lines show a fitted curve to the F 1s of SiN:F bulk (at 687.3 eV). At the interface, some broad peaks which could not be observed in SiN:F bulk were observed in the lower energy region. Due to their weak intensity, peak separation could not be performed.
The F 1s peaks observed at lower energy than Si-F can be attributed to the bonds between fluorine and metal (In, Ga, and Zn) included in a-IGZO, 26 which has electronegativity smaller than Si. Liu et al. reported that substitution of fluorine for oxygen is energetically favorable in ZnO under oxygen-poor condition, leading to effective decrease of the oxygen vacancy (V o ). 27 Therefore, the introduction of fluorine into GI made a strong bonding state; that is, fluorine terminates V o by forming bond with metal such as In, Ga, Zn at the interface between a-IGZO and SiN:F. The termination of V o sites by fluorine eliminates the electron trap sites. The decrease of V o leads to a suppression of the V th in our system. 28 Finally, we performed capacitance-voltage (C-V) measurement using a high-low method. The density of states (DOS) gives us important information in discussion of the stability of a-IGZO TFT focusing on the electrical properties of the gate insulator. 29, 30 The inset of Fig. 6 shows the cross sectional view of a measured sample, which has the same structure as the TFT, but has a circular electrode (φ = 600 μm). We evaluated the interfacial property of SiN:F as GI by comparing it with the thermally oxidized SiO 2 without any fluorine. DOS can be calculated from eq. 1,
The q means elementary electric charge, C OX, C HF, and C LF indicate capacitance of GI, gate capacitance at high frequency (100 kHz), and at low frequency (QS; quasi-static), respectively. The distribution of DOS along with the band energy was evaluated from the difference between the capacitance of high-frequency and QS. The distributions of the DOS ranging from 0.1 eV to 0.4 eV are shown in density originated from V o at the interface, as well as Si-dangling bonds in the GI bulk, leading to a considerable improvement in reliability under PBS imposition. Furthermore, density of shallow energy level states were decreased by introduction of fluorine. As previously reported, the amount of hydrogen in the GI is important because the interface state was generated by hydrogen. Therefore, decreasing of hydrogen and introduction of fluorine are crucial to establish a fabrication of highly reliable TFTs.
Conclusions
We introduced SiN:F as GI for a-IGZO TFTs deposited by an ICP-CVD method utilizing SiF 4 /N 2 as source gases at a temperature as low as 150
• C. SIMS analysis revealed that the hydrogen content in the film was reduced to 1/10 of conventional SiN x film. The a-IGZO TFTs with SiN:F film exhibited extremely high stability against PBS. XPS analysis indicated that fluorines were introduced and combined with metal at the interface between a-IGZO and SiN:F. Through this study, decreasing of hydrogen and introduction of fluorine are crucial for realization of highly reliable a-IGZO TFTs.
